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Liver fibrosis occurs as a wound-healing response to chronic hepatic injuries irrespective of the underlying etiology and may
progress to life-threatening cirrhosis. Here we show that CCN1, a matricellular protein of the CCN (CYR61/CTGF/NOV) family,
is accumulated in hepatocytes of human cirrhotic livers. CCN1 is not required for liver development or regeneration, since these
processes are normal in mice with hepatocyte-specific Ccn1 deletion. However, Ccn1 expression is upregulated upon liver inju-
ries and functions to inhibit liver fibrogenesis induced by either carbon tetrachloride intoxication or bile duct ligation and pro-
mote fibrosis regression. CCN1 acts by triggering cellular senescence in activated hepatic stellate cells and portal fibroblasts by
engaging integrin �6�1 to induce reactive oxygen species accumulation through the RAC1-NADPH oxidase 1 enzyme complex,
whereupon the senescent cells express an antifibrosis genetic program. Mice with hepatocyte-specific Ccn1 deletion suffer exac-
erbated fibrosis with a concomitant deficit in cellular senescence, whereas overexpression of hepatic Ccn1 reduces liver fibrosis
with enhanced senescence. Furthermore, tail vein delivery of purified CCN1 protein accelerates fibrosis regression in mice with
established fibrosis. These findings reveal a novel integrin-dependent mechanism of fibrosis resolution in chronic liver injury
and identify the CCN1 signaling pathway as a potential target for therapeutic intervention.

Liver fibrosis, or the accumulation of excessive extracellular ma-
trix (ECM) in the liver, is a pathology that develops as a

wound-healing response to chronic hepatic injuries inflicted by
diverse etiologies, including viral infection, alcoholism, biliary ob-
struction, and nonalcoholic steatohepatitis (1, 2). These condi-
tions may lead to fibrosis that often develops insidiously over
years, resulting in cirrhosis that can potentiate liver failure, portal
hypertension, and hepatocellular carcinoma, thus imposing a sig-
nificant burden on public health. Currently, there are no FDA-
approved drugs for the treatment of liver fibrosis, and a better
understanding of how this pathology can be resolved is of para-
mount importance. Injury repair in the liver, as in many organs
and tissues, is associated with an inflammatory response and the
deposition of a provisional ECM, which aids wound healing by
enhancing the integrity of the injured tissue and promoting the
proliferation of parenchymal cells (3). This provisional matrix is
resolved and remodeled at later stages of repair to form the ma-
tured tissue. Chronic injuries, however, result in sustained inflam-
mation and relentless stimulation of ECM production without
adequate opportunity for matrix resolution and remodeling, lead-
ing to fibrosis as excess ECM distorts tissue architecture and re-
places parenchyma.

The perisinusoidal hepatic stellate cells (HSCs) are the primary
precursor cells that transdifferentiate into proliferative, ECM-
producing myofibroblast-like cells when activated upon liver in-
jury, whereas portal fibroblasts (PFs) also undergo myofibroblas-
tic differentiation and play significant roles in fibrosis resulting
from biliary obstruction (2, 4). Bone marrow-derived cells and
epithelial cells may also differentiate into myofibroblasts (5, 6),
although the extents of their contribution to liver fibrosis have
been controversial (7, 8). Once thought to be irreversible, recent
evidence showed that liver fibrosis caused by diverse etiologies
both in animal models and in human patients gradually regresses
if the underlying cause of disease is eliminated (1, 2). These results
indicate the existence of an endogenous mechanism for liver fi-
brosis resolution. For example, ECM-producing myofibroblasts

may be removed by apoptosis (2), and more recent findings show
that these cells can also revert to an inactive, nonfibrogenic phe-
notype (9, 10) or enter a senescence state (11), leading to the
cessation of ECM production. Whereas both myofibroblast apop-
tosis and reversion to an inactive phenotype prevent further ECM
production, senescent myofibroblasts may actively contribute to
the regression of fibrosis by expressing an antifibrosis genetic pro-
gram as part of the senescence-associated secretory phenotype
(SASP) characteristic of senescent cells, which includes upregula-
tion of matrix-degrading enzymes and downregulation of ECM
proteins such as collagen (12, 13). Moreover, senescent cells can
be cleared by natural killer cells (11). Thus, the entry of myofibro-
blasts into senescence can prevent further proliferation of these
ECM-producing cells, promote ECM degradation, and accelerate
clearance of myofibroblasts from the site of injury. However, the
involvement of cellular senescence in limiting hepatic fibrosis is an
emerging concept that has been shown only in the context of
CCl4-induced injury, and the molecular triggers by which myofi-
broblast senescence is induced are unknown.

Here we show that the matricellular protein CCN1 (also
named CYR61) (14, 15) is highly accumulated in livers of human
patients with cirrhosis, although it is not essential for liver devel-
opment and function. Further, expression of CCN1 is induced
upon hepatic injury in murine models, and it acts as a key regula-
tor that triggers cellular senescence through the accumulation of
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reactive oxygen species (ROS) in activated HSCs and PFs, thereby
limiting fibrogenesis and promoting regression of liver fibrosis
induced by diverse injuries. Moreover, tail vein delivery of puri-
fied CCN1 protein in mice with established fibrosis accelerates
fibrosis regression. These findings uncover a critical mechanism of
fibrosis regression that functions through CCN1-mediated integ-
rin signaling and identify potential targets for therapeutic inter-
vention.

MATERIALS AND METHODS
Animals and liver fibrosis induction. All mice used in liver fibrosis stud-
ies were 2- to 4-month-old males kept in barrier facilities with veterinary
care. Ccn1dm/dm mice were generated in an svJ129-C57BL/6 mixed back-
ground and backcrossed �10 times into the C57BL/6 background (16,
17). To produce Ccn1flox/flox and Ccn1�Hep mice, svJ129 mouse embryonic
stem cells were transfected with the Ccn1-targeting construct by electro-
poration and selected for neomycin resistance. Transfected clones with
double-recombination events incorporating the targeting construct in the
Ccn1 genomic locus (see Fig. 2A) were selected and injected into blasto-
cysts to produce targeted chimeric mice. Injection was done at the Uni-
versity of Illinois Transgenic Production Service facility. Mice were bred
with EIIa-Cre deleters, and pups with the desired loxP2 to loxP3 deletion
removing the neomycin cassette were selected by genomic DNA analysis
using positional primers. Selected mice were backcrossed four times with
C57BL/6 mice to obtain Ccn1flox/� heterozygous animals and bred to obtain
Ccn1flox/flox mice. Ccn1�Hep mice were generated by crossing Ccn1flox/flox

mice with Alb-Cre mice (18) (Jackson Laboratory) expressing Cre recom-
binase under the control of the albumin promoter. Deletion of Ccn1 was
confirmed by PCR using liver genomic DNA (see Fig. 2B) and primers
(see Fig. 2A). Transgenic mice overexpressing Ccn1 in hepatocytes were
generated by microinjecting into C57BL/6 single-cell zygotes a construct
in which full-length Ccn1 cDNA was cloned under the control
of a minimal promoter linked to the albumin enhancer element in the
pAlb.GH vector (19). To facilitate transgene detection, a V5 epitope se-
quence was added in frame 3= to the Ccn1 cDNA. Transgene protein
expression was detected by Western blotting of liver lysates using a mono-
clonal antibody against the V5 epitope (clone V5-10; Sigma).

To induce liver fibrosis, male mice were injected intraperitoneally
(i.p.) with CCl4 (1 ml/kg of body weight diluted 1:10 in olive oil) twice
weekly for 4 to 6 weeks (20). Bile duct ligation (BDL) was performed as
described previously (21) to induce chronic cholestasis, and sham op-
erations were performed as controls. For CCN1 treatment, 40 �g of
purified recombinant CCN1 protein (22) was diluted in 1 ml saline
solution and injected through the tail vein at 6 ml/min. using a hydro-
dynamic delivery method (23). Saline solution alone was injected as a
control. All procedures were approved by the University of Illinois
Animal Care Committee.

Partial hepatectomy. A 2/3 partial hepatectomy was performed on
normal male mice according to published protocol (24). Mice were
weighed on indicated days and sacrificed; thereafter, the liver was re-
moved, weighed, and cryopreserved for cell proliferation analysis.

Isolation of hepatic cells. Hepatocytes were isolated by a two-step
collagenase perfusion method as previously described (25). After washing,
low-speed centrifugation was performed at 50 � g and repeated four
times. Hepatocytes and nonparencymal cells were harvested from the pel-
let and the supernatant, respectively. HSCs were isolated from normal
adult male mice as described previously (26). HSCs, which store vitamin A
and retinoids, were confirmed by staining with Oil Red O and immuno-
cytochemical analysis using antibodies against glial fibrillary acidic pro-
tein (GFAP) (Abcam), desmin (clone DE-U-10; Sigma), and alpha
smooth muscle actin (�-SMA). PFs were isolated from the hepatic hila
according to a published protocol (27) and were confirmed by immuno-
cytochemical analysis for �-SMA and elastin (Abcam). Human activated
HSCs were purchased from ScienCell and grown in medium provided by
the manufacturer.

Histology, immunohistochemistry, human liver tissue array, SA-�-
Gal, and TUNEL assays. To examine liver fibrosis, formalin-fixed, paraffin-
embedded tissue sections (7 �m thick) were stained with Picrosirius Red
solution (American MasterTech Scientific) following the manufacturer’s
protocol. Fibrotic lesions are stained red; microphotographs of six ran-
domly selected areas (3.4 by 2.5 mm2) were taken from each animal and
images analyzed using NIH Image J software to quantify the fibrotic area.
For immunohistochemistry to detect CCN1 in a human liver tissue array
(LV20812; US Biomax, Inc.) and mouse tissues, we immunized rabbits
with a fusion protein of bacterial glutathione S-transferase (GST) linked
to the mouse CCN1 von Willibrand factor type C repeat (vWC) domain,
and we purified the resulting antisera by affinity column chromatography
using the antigen as a ligand. The secondary antibody (GE Healthcare)
was conjugated with horseradish peroxidase, and 3,3=-diaminobenzidine
(DAB; Sigma) was used as a chromogen. Samples were counterstained
with hematoxylin. Senescence-associated �-galactosidase (SA-�-Gal)
staining for tissue cryosections (5 �m thick) was performed at pH 5.5 and
for cultured cells at pH 6.0 as described previously (28). Six microphoto-
graphs of randomly selected areas (0.25 by 0.2 mm2) were taken from each
section for every animal, and positive cells were counted by analyzing the
digital images using the NIH Image J program. Liver cryosections were
double stained with rabbit polyclonal anti-p16 antibodies (Santa Cruz) or
a mouse monoclonal anti-SMA antibody (clone 1A4; Sigma). Secondary
antibody recognizing rabbit IgG was conjugated with the red fluorescent
dye Alexa Fluor 546 (Invitrogen), and secondary antibody against mouse
IgG was labeled with the green fluorescent dye Alexa Fluor 488 (Invitro-
gen). Samples were counterstained with 4=,6=diamidino-2-phenylindole
(DAPI) to reveal cell nuclei. Fluorescence microphotographs were ac-
quired using a Zeiss Axiovert 200 M microscope. Cell proliferation in
cryosections was assessed by immunohistochemistry using antibodies
against Ki67 (Abcam). A terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay was performed using an
ApopTaq Red detection kit (Millipore) following the manufacturer’s pro-
tocol. Eight randomly selected high-power microscopic fields of each
sample were analyzed; numbers of Ki-67- or TUNEL-positive cells were
counted and expressed as percentages of total cells.

Western blots. Liver tissue was homogenized in Laemmli buffer and
boiled, and equal amounts of protein were resolved by 12% SDS-PAGE
followed by immunoblotting with enhanced chemiluminescence detec-
tion (GE Healthcare). Antibodies used included sheep anti-mouse CCN1
(R&D Systems), rabbit anti-�-SMA (Abcam), mouse monoclonal an-
ti-V5 (clone V5-10), and anti-�-actin (mAbcam8226; Abcam).

RNA isolation and qRT-PCR. Total RNA was purified from liver tis-
sue and HSCs using an RNeasy minikit following the manufacturer’s pro-
tocol (Qiagen). RNA (2 �g) was reverse transcribed using SuperScript
Reverse Transcriptase III (Invitrogen). Quantitative reverse transcrip-
tion-PCR (qRT-PCR) was performed by mixing cDNA and primers with
the reaction buffer iQ SYBR green Supermix (Bio-Rad), and reactions
were carried out using an iCycler thermal cycler (Bio-Rad). PCR specific-
ity was confirmed by agarose gel electrophoresis and melting curve anal-
ysis. A housekeeping gene (Cyclophilin E) was used as an internal stan-
dard.

Measurement of tissue collagen content. The amount of collagen in
liver tissue was determined as the amount of hydroxyproline (�g) per mg
dried liver tissue according to a previously published protocol (29). Pure
hydroxyproline (Sigma) was used to generate standard curves.

ROS detection. Intracellular ROS levels were determined by fluores-
cence microscopy as previously described (30). Briefly, cells were loaded
with 10 �M dihydrocalcein (DHC; Invitrogen) for 10 min, followed by
treatment with CCN1 or other factors as previously described. Cells were
counterstained with Hoechst 33342 (Invitrogen) (1 �g/ml) and immedi-
ately examined by fluorescence microscopy. Five randomly chosen high-
power fields were photographed, and integrated DHC fluorescence inten-
sities were determined with NIH Image J software.
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RNA interference. Cells were transfected with 10 nM small interfering
RNA (siRNA) targeting Nox1, Nox4, Rac1, or a scrambled sequence con-
trol (Integrated DNA Technologies) using Lipofectamine RNAiMAX re-
agent (Invitrogen) according to the manufacturer’s protocol. Gene ex-
pression was analyzed by RT-PCR 48 h after transfection. The sequences
(5= to 3=) used for siRNA knockdown were as follows: for Nox1, CCAAG
AATTTCTCTCGTGTAATAGTAC (siNox1#1) and GATGGGATTTAG
CCAAGAATCTTCTTT (siNox1#2); for Nox4, AATTAGAAACTCTTAT
TGCGTAGGTAG; and for Rac1, GTGGTGTCGCACTTCAGGATACC
ACTT.

Statistical analysis. All experiments were repeated at least three times
with similar results. Student’s t test was performed to determine the prob-
ability of statistically significant differences (P values), and the results are
recorded in the figure legends. CCN1 immunohistochemical staining in-
tensities in human liver tissue were classified as low, medium, and high
levels, based on bright-field microscopy examination. Differences in

CCN1 intensities between normal and cirrhotic liver tissues were analyzed
by a Mann-Whitney U test to determine the probability of statistically
significant difference.

RESULTS
CCN1 is highly induced in hepatocytes of human cirrhotic liver
and in response to hepatic injury. CCN1 is a matricellular protein
involved in skin wound healing and bone fracture repair (31, 32);
however, its role in normal liver development, function, or pa-
thology is unknown. Examination of human liver specimens by
immunohistochemistry revealed that the CCN1 protein level was
low in normal livers but was greatly increased in cirrhotic livers
(Fig. 1A). Approximately 75% of normal livers maintained low
levels of CCN1, 25% exhibited medium level, and none showed a
high level of accumulation. This distribution was dramatically

FIG 1 CCN1 is highly elevated in cirrhotic liver in humans and after CCl4 treatment in mice. (A) Representative images of CCN1 immunohistochemical staining
(brown) in normal and cirrhotic human liver tissues in the human liver tissue array. Bar � 100 �m. (B) Staining intensity for CCN1 in the human liver tissue
array was classified as low, medium, and high, and the difference between normal and cirrhotic tissues was analyzed by the Mann-Whitney U test. **, P � 4.8 �
10	6. (C) Immunohistochemistry of liver sections from untreated mice and mice injected with CCl4 twice weekly for 4 weeks probed with either control IgG or
anti-CCN1 antibodies and counterstained with hematoxylin. Bar � 100 �m. (D) Liver lysates from untreated mice and mice injected with CCl4 twice weekly for
6 weeks were resolved on SDS-PAGE followed Western blotting using antibodies against CCN1 and �-actin (n � 3). (E) Ccn1 expression was analyzed by
qRT-PCR in liver RNA isolated at the indicated times after CCl4 injection (n � 6). Data represent means 
 standard deviations (SD) of the results determined
in triplicate experiments. Rel., relative. (F) RNA was harvested from normal liver cells or from isolated hepatocytes (HC) and nonparenchymal cells (NP) from
livers of untreated mice (normal) or mice 6 h after CCl4 treatment. Ccn1 expression was analyzed by qRT-PCR. Data represent means 
 SD of the results
determined in triplicate experiments. (G) Hepatocytes freshly isolated from normal mice were incubated with TNF-� (10 ng/ml), IL-6 (20 ng/ml), or bovine
serum albumin (BSA) as a control at 37°C overnight. The Ccn1 mRNA level was analyzed by qRT-PCR (n � 3). Data represent means 
 SD of the results
determined in triplicate experiments. *, P � 0.004.
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shifted in cirrhotic livers, among which 40% displayed high levels
of CCN1 and 44% and 16% showed medium and low levels, re-
spectively (Fig. 1B). CCN1 was predominantly localized in the
cytoplasm of hepatocytes, indicating that hepatocytes are the ma-
jor source of CCN1 and suggesting that its secretion or internal-
ization may be highly regulated.

To examine the role of CCN1 in hepatic injury repair and fi-
brosis, we have used a murine model of liver fibrosis. The hepato-
toxin CCl4 is metabolized by the cytochrome P450 system ex-
pressed mainly around the central veins, generating free radical
intermediates that cause acute cell death and inflammation lead-
ing to fibrosis if injury is sustained. CCN1 was localized in hepa-
tocytes in normal mouse liver and was accumulated to a high level
around the central veins after repeated CCl4 insults (Fig. 1C).
Furthermore, CCN1 staining was lost in livers of mice with hepa-
tocyte-specific Ccn1 deletion (�Hep) (see below), confirming that
hepatocytes are the major cell type expressing CCN1 (Fig. 1C).
Likewise, immunoblotting showed that CCN1 protein was detect-
able at a low level in normal liver but was greatly accumulated after
CCl4-induced injury (Fig. 1D). The CCN1 level was nearly abol-
ished in liver of mice with hepatocyte-specific Ccn1 deletion but
was modestly increased after CCl4 treatment, most likely in non-
parenchymal cells (Fig. 1D). Acute response to a single dose of

CCl4 treatment rapidly induced the Ccn1 mRNA level in the liver
by �80-fold within 6 h (Fig. 1E). The mRNA level gradually de-
creased but remained elevated compared to untreated control lev-
els even after repeated CCl4 treatments to establish fibrosis. Pri-
mary hepatocytes freshly isolated from normal or CCl4-treated
mice expressed levels of Ccn1 mRNA that were 4- or 5-fold higher
than those seen with nonparenchymal cells from the liver, respec-
tively (Fig. 1F), further indicating that hepatocytes are the major
source of CCN1. Moreover, treatment of primary hepatocytes
with the inflammatory cytokine tumor necrosis factor alpha
(TNF-�), but not interleukin-6 (IL-6), induced the expression of
Ccn1 (Fig. 1G). Together, these results indicate that Ccn1 is highly
induced in hepatocytes in response to liver injury and may be
regulated by inflammatory cytokines such as TNF-� that are rap-
idly elevated in liver injuries.

Since Ccn1 is essential for cardiovascular development, germ
line Ccn1 knockout mice are embryonic lethal (33, 34). To exam-
ine the role of Ccn1 in liver development and function, we gener-
ated mice with hepatocyte-specific deletion of Ccn1 (Ccn1�Hep)
using a Cre-loxP strategy (Fig. 2A). Ccn1flox/flox mice were con-
structed in which the Ccn1 genomic locus is replaced by a Ccn1
allele with LoxP sites flanking the first two exons, deletion of
which generates a true null allele (33). These mice were mated

FIG 2 Hepatocyte-specific deletion of Ccn1 does not impair liver development or regeneration. (A) Schematic diagrams showing the targeted Ccn1 genomic
locus with the Ccn1flox-neo allele, the Ccn1flox allele with the neomycin resistance cassette deleted by recombination performed with loxP sites 2 and 3 (loxP2/3),
and the Ccn1�Hep locus following Cre-mediated excision. Left-pointing triangles represent loxP sites. The primer R sequence occurs only in the third loxP site.
Cre-mediated recombination between loxP sites 2 and 3 leads to the deletion of PGK-neo (gray box) to yield the desired Ccn1flox allele. (B) The Ccn1flox allele was
detected as a 391-bp DNA band when primers F2 and R were used in PCRs. Ccn1flox/flox mice were crossed with Alb-Cre mice to produce Ccn1�Hep mice. The �Hep
allele was confirmed by the presence of a 119-bp DNA band using primers F1 and R. (C) Total liver RNA isolated from 6-week-old Ccn1flox/flox and Ccn1�Hep mice
was analyzed for Ccn1 expression by RT-PCR. Ccn1 mRNA band intensity was normalized against �-actin by Image J software analysis to correct for equal levels
of sample loading. The low level of Ccn1 mRNA may have resulted from nonparenchymal cells. (D to F) Liver regeneration was determined by the percentage of
remnant-liver weight/whole-liver weight on the indicated days after a 2/3 partial hepatectomy (PHx); data are expressed as means 
 SD (n � 5 each). (D)
Eight-week-old Ccn1flox/flox (Flox) and Ccn1�Hep (�Hep) mice were sacrificed on the indicated days after PHx, and liver weight was measured. (E) Mice of various
ages were subjected to PHx and assessed 7 days later. (F) After PHx, remnant liver tissue was collected on the days indicated and analyzed for cell proliferation
by immunohistochemical staining with antibodies against Ki67. Percentages of Ki67-positive cells relative to total number of cells were counted in 5 randomly
chosen high-power fields (n � 3).
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with mice expressing the Cre recombinase in hepatocytes under
the control of the albumin promoter. Hepatocyte-specific Ccn1
deletion, confirmed by PCR analysis with position-specific prim-
ers (Fig. 2B), resulted in a �90% reduction in Ccn1 mRNA in the
liver of Ccn1�Hep mice compared to Ccn1flox/flox control mice
(Fig. 2C) as well as virtual obliteration of the CCN1 protein stain-
ing in the liver by immunohistochemistry (Fig. 1C). Ccn1�Hep

mice are viable and fertile, show normal liver histology, and pres-
ent no apparent behavioral or morphological abnormality, indi-
cating that CCN1 is not essential for liver development or func-
tion. Furthermore, liver regeneration after 2/3 partial
hepatectomy occurred at the same rate in Ccn1�Hep mice as in
Ccn1flox/flox control mice (Fig. 2D). The age of mice subjected to
surgery did not change the outcome (Fig. 2E), and both Ccn1�Hep

and Ccn1flox/flox mice reached the same liver weight as wild-type
(WT) mice 7 days after surgery (data not shown). Levels of hepa-
tocyte proliferation, as detected by immunohistochemical analy-
sis of Ki67 expression, were also indistinguishable (Fig. 2F). To-
gether, these results show that Ccn1 is not required for normal
liver development or hepatocyte proliferation. Rather, its induc-
tion in cirrhosis and in acute and chronic liver damage suggests a
role in the liver injury response.

CCN1 limits liver fibrosis due to diverse etiologies by induc-
ing myofibroblast senescence. To study CCN1 function in

chronic liver injury, mice were injected with CCl4 i.p. twice weekly
for 6 weeks to induce liver fibrosis (20). Remarkably, CCl4-treated
Ccn1�Hep mice exhibited prominent central-to-central bridging
fibrosis and �4-fold more fibrotic areas of collagen deposition
than Ccn1flox/flox control mice (Fig. 3A). The Ccn1�Hep mice also
accumulated �3-fold more hydroxyproline, a major modified
amino acid in collagen, than control mice (Fig. 3B). Further,
Ccn1�Hep mice expressed a higher level of the myofibroblast
marker �-SMA, indicating a more extensive activation of precur-
sor cells to express the myofibroblastic phenotype (Fig. 3C). Ex-
pression of Mmp9 and Mmp13, which encode gelatinase B and
collagenase 3, respectively, was substantially lower in Ccn1�Hep

mice, whereas expression of Col1a1 and the matrix metalloprotei-
nase inhibitor Timp1 was significantly higher (Fig. 3D). However,
Ccn1�Hep and Ccn1flox/flox mice suffered the same level of liver
damage in response to CCl4, since their levels of serum alanine
aminotransferase (ALT) and extents of cell proliferation and
apoptosis were indistinguishable (Fig. 3E to G). Thus, the loss of
hepatic Ccn1 leads to exacerbated liver fibrosis after CCl4-induced
injury, suggesting a role for CCN1 in limiting fibrosis following
liver injury.

CCN2, or connective tissue growth factor (CTGF), is a close
homolog of CCN1 that has been shown to promote liver fibrosis
and is thought to act in synergy with transforming growth factor �

FIG 3 CCN1 is antifibrotic in CCl4-induced liver fibrosis. (A to C) Ccn1flox/flox (Flox) and Ccn1�Hep (�Hep) mice were injected i.p. with either vehicle or CCl4
twice a week for 6 weeks to induce fibrosis (n � 7 each). (A) Liver sections were stained with Sirius Red to reveal collagen deposition. The percentages of fibrotic
areas were assessed by Image J analysis of microphotographs of six randomly selected areas. Data represent means 
 SD. CV, central vein; PT, portal triad. Bar �
100 �m. (B) Liver hydroxyproline content was determined. (C) Liver lysates were resolved on SDS-PAGE followed by Western blotting using antibodies against
�-SMA and �-actin (n � 3). (D) Liver mRNA of the indicated genes was analyzed by qRT-PCR; data are shown as means 
 SD. *, P � 0.005. (E to G) At the
indicated times after a single CCl4 injection or after repeated CCl4 insults for 6 weeks (42 days) to induce fibrosis, serum ALT levels were measured (E), and livers
were analyzed by immunohistochemistry using antibody against Ki-67 (F) or processed for a TUNEL assay (G). (H) qRT-PCR-quantified Ccn2 gene expression
using total liver RNA isolated from chronic CCl4- or vehicle-treated WT, Ccn1dm/dm (Dm), Ccn1flox/flox (Flox), and Ccn1�Hep (�Hep) mice (n � 3 each).
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(TGF-�) (35, 36). Interestingly, although Ccn2 is induced in WT
or Ccn1flox/flox mice upon CCl4-induced fibrosis, no induction was
observed in mice where Ccn1 is defective, either by gene deletion
(Ccn1�Hep mice) or knock-in of a mutant allele (Ccn1dm/dm; see
below). These results suggest that CCN1 upregulates Ccn2 expres-
sion upon chronic liver damage. Both Ccn1�Hep and Ccn1dm/dm

mice suffer enhanced fibrosis without Ccn2 overexpression (Fig. 3;
see also Fig. 8), indicating that exuberant liver fibrosis can be dis-
sociated from elevated Ccn2 expression.

The termination of fibrogenesis in liver injury may occur in
part when ECM-producing myofibroblasts are purged by under-

going apoptosis or senescence (11, 37), and thus defects in these
processes may result in enhanced fibrosis in Ccn1�Hep mice. Nu-
merous senescent cells were found surrounding the central veins
in CCl4-treated Ccn1flox/flox mice as judged by the expression of
senescence-associated �-galactosidase (SA-�-Gal) as a marker,
but their numbers were reduced by �60% in Ccn1�Hep mice
(Fig. 4A), indicating that CCN1 is critical for senescence. The
senescent cells, which also expressed the CDK inhibitor p16Ink4A

(another senescence marker), were largely (�80%) �-SMA-ex-
pressing myofibroblasts (Fig. 4B). In contrast, Ccn1�Hep and
Ccn1flox/flox mice showed similar numbers of apoptotic cells, many

FIG 4 CCN1 inhibits hepatic fibrosis by inducing myofibroblast senescence. (A) Adjacent serial liver cryosections from Ccn1flox/flox and Ccn1�Hep mice treated
with CCl4 to induce fibrosis were stained for SA-�-Gal (upper panels, blue; n � 7) and TUNEL (lower panels, red; n � 3) analysis and counterstained with eosin
and DAPI, respectively. Boxed areas are enlarged and shown in inserts. Percentages of SA-�-Gal- and TUNEL-positive cells are shown as means 
 SD. (B)
Ccn1flox/flox liver sections prepared as described above were doubly stained for p16INK4a (red) and �-SMA (green) and counterstained with DAPI or doubly stained
with TUNEL (red) and �-SMA (green) and counterstained with DAPI. Percentages of p16INK4a- and TUNEL-positive cells that were �-SMA positive or negative
are shown. (C) A diagram of the DNA construct for Ccn1-overexpressing (OE) transgenic mice, showing Ccn1 cDNA driven by a minimal promoter fused to the
murine albumin gene enhancer (PAlb). V5 epitope coding sequence was added in frame to the Ccn1 3= end. pA, polyadenylation signal. (D) Liver lysates from OE
and WT mice were resolved on SDS-PAGE and analyzed by Western blotting using antibodies against V5 epitope and �-actin. (E) Liver tissue sections from OE
and WT mice were stained with anti-CCN1 antibodies (brown) and counterstained with hemotoxylin. (F) OE and WT mice were treated with CCl4 for 6 weeks
(n � 6), and liver tissue sections were stained with Sirius Red; fibrotic areas were quantified. (G) Liver hydroxyproline content was determined. (H) Liver tissue
sections were stained for SA-�-Gal to assess the number of senescent cells. White bar � 10 �m; black bars � 100 �m. *, P � 0.02.
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of which (45%) were also �-SMA-expressing myofibroblasts
(Fig. 4A and B). These results suggest that deficits in myofibroblast
senescence, rather than impaired myofibroblast apoptosis, may
underlie the exacerbated fibrosis in Ccn1�Hep mice. To evaluate
the role of CCN1 further, we generated transgenic mice that over-
expressed Ccn1 in hepatocytes (OE) (Fig. 4C to E). Overexpres-
sion of Ccn1 resulted in a �50% lower level of fibrotic lesions and
a 40% lower level of hydroxyproline due to CCl4 injury compared
to wild-type (WT) mice (Fig. 4F and G). The number of senescent
cells was concomitantly increased by 2.5-fold in OE mice
(Fig. 4H), further indicating that CCN1 triggers myofibroblast
senescence to inhibit fibrosis in response to liver injury.

The pattern of fibrotic lesions is dependent upon the etiology
involved (2). Whereas chronic CCl4 intoxication causes hepatic

fibrosis stemming from the central vein region, patients with viral
hepatitis or biliary obstruction sustain fibrotic pathologies around
the portal triad (2). Thus, we tested the role of CCN1 after bile
duct ligation (BDL), a model of cholestasis that induces fibrosis
around the portal tract (21). Ccn1�Hep mice suffered �3-fold
more fibrotic area and hydroxyproline content than control mice
3 weeks after BDL (Fig. 5A and B), with a 60% decrease in the level
of SA-�-Gal-positive senescent cells (Fig. 5C). These mice showed
enhanced expression of profibrogenic genes (Col1a1, Timp1, and
Tgfb1) and downregulation of genes encoding ECM protein-de-
grading enzymes (Mmp2 and Mmp9) (Fig. 5D), consistent with
inhibition of the SASP. Thus, inactivation of Ccn1 led to less se-
nescence and more fibrosis after BDL, although Ccn1�Hep and
Ccn1flox/flox control mice suffered similar extents of liver injury as

FIG 5 CCN1 induces cellular senescence to inhibit fibrosis due to chronic cholestasis. (A to E) Ccn1�Hep and Ccn1flox/flox control mice (n � 4 each) were subjected
to bile duct ligation (BDL) and sacrificed for analysis 3 weeks later. (A and B) Liver sections were stained with Sirius Red (A), and liver hydroxyproline content
was determined (B). (C) Liver sections were stained with SA-�-Gal. The relative levels of fibrosis and senescence are expressed as means 
 SD. (D) Expression
of fibrosis-related genes was analyzed by qRT-PCR. (E) Serum levels of ALT were analyzed at various days after BDL as indicated. Data presented are means 

SD; n � 4. (F to H) WT and OE mice (n � 4 each) were subjected to BDL. (F and H) Liver sections are stained with Sirius Red (F) and SA-�-Gal (H) as described
above to reveal fibrosis and senescence. (G) Liver hydroxyproline content was determined. CV, central vein; PT, portal triad. Bars � 100 �m. *, P � 0.02.
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reflected by serum levels of ALT (Fig. 5E). In contrast, overexpres-
sion of Ccn1 in OE mice resulted in reduced fibrotic areas and
hydroxyproline content (Fig. 5F and G), with a concomitant in-
crease in the level of senescent cells (Fig. 5H). These results show
that CCN1 induces cellular senescence to control liver fibrosis due
to diverse etiologies and illustrate for the first time that senescence
limits fibrosis that affects the portal triad after BDL.

CCN1 induces cellular senescence in activated HSCs and
PFs. Upon liver injury, activated HSCs and PFs differentiate into
myofibroblast-like cells and play critical roles in fibrogenesis (2).
Freshly isolated HSCs stained positively with Oil Red O and ex-
pressed glial fibrillary acidic protein (GFAP) and desmin but not
elastin; these cells became activated and differentiated into
�-SMA-expressing myofibroblast-like cells within days in culture
(data not shown). When isolated activated HSCs were treated with
purified CCN1 protein, they entered senescence as they became
flattened and enlarged, ceased proliferation, and expressed SA-�-
Gal (Fig. 6A and B). CCN1 also enhanced expression of Mmp9,
Mmp13, and IL-6 but decreased expression of profibrotic genes
(Col1a1, Timp1, and Tgfb1), consistent with expression of the
SASP (Fig. 6C). Several lines of evidence show that integrin �6�1,
the major CCN1 receptor in fibroblastic cells (38), mediates
CCN1-induced senescence in activated HSCs. First, the
CCN1-DM mutant protein (39), which is disrupted in its �6�1

binding sites, was defective for the senescence-inducing activity
since it did not suppress cell proliferation or induce SA-�-Gal
expression (Fig. 6B and D). Second, coincubation of CCN1 with a
function-blocking monoclonal antibody against integrin �6

(GoH3), but not control IgG, inhibited CCN1-induced senes-
cence (Fig. 6D). Finally, an �6�1-binding peptide (T1) (40) that
competes with ligand binding to �6�1 abrogated CCN1-induced
senescence, whereas a mutated T1 peptide that does not bind �6�1

had no effect (Fig. 6E). Moreover, CCN1 also induced cellular
senescence in an �6�1-dependent manner in activated human
HSCs (Fig. 6I and J). We also isolated PFs, which expressed elastin
but not desmin (27) (data not shown), and found that CCN1
triggered cellular senescence in activated PFs as it suppressed cell
proliferation and induced the expression of SA-�-Gal and SASP
(Fig. 6F to H).

The engagement of �6�1 by CCN1 in human skin fibroblasts
activates the small G-protein RAC1 (41), which can serve multiple
functions, including acting as an activating subunit of the NOX
complex to induce the generation of ROS (42). CCN1 induces
ROS in both activated HSCs and PFs (Fig. 7A and H), and coin-
cubation of CCN1 with the ROS scavenger N-acetylcysteine in-
hibited senescence, indicating the requirement of ROS (Fig. 7B
and I). Since the NOX inhibitor apocynin also effectively reduced
senescence (Fig. 7B and I), we hypothesized that CCN1 generates
ROS through a RAC-NOX-dependent mechanism. There are four
NOX isoforms in mouse cells in addition to the more distantly
related DUOX1 and DUOX2 (43). CCN1 treatment specifically
elevated Nox1 and Rac1 expression, but not expression of other
Nox or Rac isoforms or of the Nox2 cofactor p47phox (Fig. 7C).
Knockdown of either Nox1 or Rac1 by specific siRNAs inhibited
CCN1-induced ROS (Fig. 7E) and senescence as judged by cell
proliferation and SA-�-Gal staining (Fig. 7F and G). Knockdown
of Nox4, which is also expressed in fibroblasts, had no effect
(Fig. 7E to G). Likewise, in activated PFs CCN1 induced ROS
accumulation and senescence, which also required NOX-depen-
dent ROS generation (Fig. 7H and I). These results show that

CCN1 binds to integrin �6�1 and induces cellular senescence
through the RAC1-NOX1-ROS axis, leading to the expression of
antifibrosis genes associated with the SASP to inhibit fibrosis.

To test whether CCN1 induces senescence and limits fibrosis
by acting through binding �6�1 in vivo, we utilized Ccn1dm/dm

knock-in mice in which the Ccn1 genomic locus has been replaced
by the Dm allele, which encodes a CCN1 mutant disrupted in the
�6�1 binding sites (17, 38). Ccn1dm/dm mice subjected to chronic
CCl4 treatment phenocopied Ccn1�Hep mice and sustained exac-
erbated fibrosis as judged by Sirius Red staining and hydroxypro-
line content concomitant with a 60% reduction in SA-�-gal-pos-
itive senescent cells compared to WT mice (Fig. 8A to C), even
though the two genotypes experienced the same level of liver dam-
age (Fig. 8D). These results show that CCN1 acts through its �6�1

binding sites in vivo to induce senescence and limit liver fibrosis.
Tail vein delivery of CCN1 accelerates resolution of hepatic

fibrosis. Since CCN1 is an endogenous antifibrosis factor, we
tested whether administration of purified CCN1 protein can pro-
mote fibrosis resolution in animals with established fibrosis.
Ccn1dm/dm mice were injected with CCl4 for 4 weeks to induce liver
fibrosis, and CCN1 protein or vehicle was delivered via tail vein
injection every 4 days for a total of 4 times, beginning 4 days after
the final CCl4 injection (Fig. 9A). Staining of liver sections 2 days
after the final CCN1 injection showed that CCN1 protein treat-
ment reduced the fibrotic area �50% more than the level seen
with vehicle-treated controls (Fig. 9B) concomitant with �40%
further reduction in hydroxyproline (Fig. 9C). CCN1 treatment
also significantly reduced Col1a1 and Timp1 mRNA levels and
increased Mmp9 expression by 3-fold, consistent with the SASP
results (Fig. 9D). These data show that delivery of CCN1 protein
accelerates fibrosis regression, suggesting potential therapeutic
value in activating the CCN1-induced senescence pathway for the
treatment of liver fibrosis.

DISCUSSION

The most important findings of this study are the demonstration
that liver fibrogenesis induced by disparate forms of hepatic inju-
ries from CCl4 intoxication to bile duct ligation is effectively re-
strained as fibrogenic myofibroblasts enter senescence and that
the maticellular protein CCN1, which is highly accumulated in
human cirrhotic livers, plays a pivotal role in triggering myofibro-
blast senescence to combat fibrosis in these diverse etiologies.
CCN1 induces senescence of liver myofibroblasts through the en-
gagement of integrin �6�1 to activate ROS accumulation by activat-
ing the RAC1-NOX1 pathway. Thus, although NOX1-induced ROS
have been shown to promote HSC activation and stimulate liver fi-
brogenesis (44, 45), they may also be critical for the regression of
fibrosis. Test-of-principle experiments show that administration of
CCN1 can accelerate fibrosis regression even in animals that have
already established fibrosis, suggesting that activation of the CCN1-
induced senescence pathway may hold therapeutic promise.

CCN1 is an angiogenic inducer involved in skin wound healing
and bone fracture repair (32, 46). However, its role in liver devel-
opment, function, and pathology is unknown. Here we show that,
although hepatocytes are the major source of CCN1 in the liver,
hepatocyte-specific ablation of Ccn1 has no apparent effect on
liver development and function or role in hepatocyte proliferation
in liver regeneration after partial hepatectomy. These results show
for the first time that Ccn1 is not required for liver development or
hepatocyte proliferation. Rather, Ccn1 is highly induced in re-
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sponse to both acute and chronic liver injury and CCN1 protein
levels are substantially elevated in human patients with cirrhosis
(Fig. 1). Although the major function of CCN1 is to inhibit fibro-
genesis and promote fibrosis regression, chronic persistent liver
injuries may overwhelm the antifibrosis activities of endogenously
expressed Ccn1, and cirrhosis can develop despite elevated levels
of CCN1 accumulation.

Cellular senescence is a form of irreversible cell cycle arrest that

occurs in response to cellular stresses such as DNA damage, oxi-
dative stress, oncogene activation, chromatin disruption, and
telomere erosion (47, 48). Whereas senescence is a well-recog-
nized mechanism of tumor suppression, emerging evidence indi-
cates that it may play a role in aging, tissue repair, and even ma-
lignancy (12). Although a previous report (11) has suggested that
senescence can limit fibrosis, this emerging concept has been
tested only in CCl4-induced injury in the liver. In this study, we

FIG 6 CCN1 induces senescence in activated HSCs and PFs. (A) Isolated mouse HSCs were activated in culture and treated with purified recombinant CCN1
protein (2.5 �g/ml) or BSA for 6 days. Cell morphology (upper panel), SA-�-Gal assay (lower panel), and quantitation results are shown. (B) Cell numbers were
counted at the indicated times after culturing with added CCN1, DM mutant protein, or BSA (2.5 �g/ml each). (C) Cells were treated with BSA or CCN1 for 3
days, and qRT-PCR was performed to quantify the expression of the indicated genes. (D) Cells were treated with BSA, CCN1, or DM or preincubated with
function-blocking antibodies against integrin �6 (GoH3) or control IgG (50 �g/ml) before addition of CCN1 and assayed for SA-�-Gal after 3 days. (E) Cells were
treated with BSA or CCN1 for 3 days with either the �6�1 integrin-binding T1 peptide or the nonbinding mutant (mut-T1; 0.5 mM each) as a competitor before
assay for SA-�-Gal. (F) Activated PFs were treated with CCN1 (2.5 �g/ml) or BSA for 6 days and assayed for SA-�-Gal activity. SA-�-Gal assay and quantitation
results are shown. (G) Numbers of cells grown in the presence of BSA, CCN1, or DM for the indicated days were counted. (H) PFs were treated with BSA or CCN1
for 3 days, and expression of the indicated genes was assessed by qRT-PCR. (I and J) Activated human HSCs were cultured with BSA or CCN1 for 3 days, and total
cell numbers were counted (I) or cells were assayed for SA-�-Gal (J). Where indicated, cells were pretreated with T1 and mut-T1 peptide before addition of
CCN1. Data are presented as means 
 SD of triplicate determinations. *, P � 0.02. Bars � 10 �m.
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extended these findings to show that both CCl4- and BDL-in-
duced liver injuries respond to CCN1-triggered senescence. Se-
nescent myofibroblasts cease to proliferate and express an antifi-
brosis genetic program. Thus, by triggering cellular senescence in
hepatic myofibroblasts, CCN1 blocks the proliferation of these
ECM-producing cells and converts them into ECM-degrading
cells, thereby accelerating fibrosis regression. Accordingly, senes-
cence in response to CCl4- and BDL-induced liver injuries was
greatly reduced in mice with hepatocyte deletion of Ccn1, result-
ing in exacerbated fibrosis (Fig. 4 and 5).

The observation that targeted cell type-specific overexpression
and deletion of Ccn1 in hepatocytes elicit significant effects in fibrosis

by regulating senescence of HSCs and PFs indicates that CCN1 acts in
a paracrine manner (Fig. 3 to 5). This mode of action is consistent
with CCN1 acting extracellularly by binding to its receptors on the
target cell surface. In this regard, it is remarkable that the Ccn1dm/dm

knock-in mice, which express mutant CCN1 defective for binding the
integrin receptor �6�1, essentially phenocopied Ccn1�Hep mice in the
hepatic fibrosis response (Fig. 3 and 8), indicating that the effects of
CCN1 are largely mediated through �6�1. These results strongly in-
dicate the extracellular and paracrine action of CCN1. Thus, although
cytoplasmic CCN1 can be observed by immunohistochemical stain-
ing of liver tissues, this may represent inefficient CCN1 secretion or
reinternalization of CCN1.

FIG 7 CCN1-induced senescence occurs through the RAC1-Nox1-ROS axis. (A) Activated mouse HSCs were treated with CCN1 or BSA for 2 h and loaded with
DHC for detection of ROS by fluorescence microscopy, with quantitation shown. (B) HSCs were pretreated with NAC (2.5 mM) or apocynin (10 �M) for 1 h
before the addition of CCN1. NAC or apocynin was replenished daily, and SA-�-Gal activity was quantified after 3 days. (C) HSCs treated with CCN1 for 3 days
were assayed for expression of the indicated genes by qRT-PCR. *, P � 0.003. (D) siRNA-mediated knockdown of Nox1 (siNox1#1 and siNox1#2), Nox4
(siNox4), and Rac1 (siRac1) was confirmed by RT-PCR. Scrambled-sequence siRNA was used as a control. (E to G) Knockdown cells were treated with CCN1
(2.5 �g/ml) for 2 h and loaded with DHC for fluorescence microscopy (E) and examined after 3 days of CCN1 treatment for relative cell numbers (F) and
percentages of SA-�-Gal-positive cells (G). (H) Activated PFs were treated with CCN1 or BSA for 2 h and loaded with DHC for fluorescence microscopy. (I) PFs
were pretreated with NAC (2.5 mM) and apocynin (10 �M) for 1 h followed by the addition of CCN1. NAC and apocynin were replenished daily, and SA-�-Gal
activity was quantified after 3 days. Data are presented as means 
 SD. Bars � 10 �m.
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Members of the CCN protein family may play contrasting roles
in fibrosis (14, 49). CCN2/CTGF, a homolog of CCN1, has been
shown to be a profibrotic regulator whose high expression is as-
sociated with fibrosis of many organs and tissues, including the
liver (50). Consequently, monitoring CCN2 levels is being devel-
oped as a potential diagnostic tool for kidney, lung, and liver fi-
brosis (14). Here we show that exacerbated fibrosis occurs when
CCN1 is defective without increased Ccn2 expression (Fig. 3H),
indicating that exuberant fibrosis can be dissociated from elevated
Ccn2 expression. Furthermore, the CCN2 level is not increased in
Ccn1�Hep and Ccn1dm/dm mice even upon chronic CCl4 injury,
indicating that CCN1 may regulate Ccn2 expression in vivo.

CCN1 triggers cellular senescence in activated HSCs and PFs
by engaging integrin �6�1, leading to the generation of ROS
through a RAC-NOX1-dependent mechanism (Fig. 6 and 7). A
high level of ROS may lead to DNA damage response and the
activation of a p53- and p16INK4/pRb-dependent pathway of cel-
lular senescence (16, 48). Thus, it is likely that CCN1 acts by in-
ducing senescence through ROS-dependent activation of the p53-
and p16INK4/pRb pathway in the liver. Support for this notion is
found in the observation that CCl4-induced fibrosis is attenuated
in p53	/	; p16INK4/ARF	/	 mice, which are defective for this se-
nescence pathway (11).

ROS are produced in all cell types and are critical for many

FIG 8 CCN1 acts through integrin �6�1 binding sites in vivo. Ccn1dm/dm (Dm) and WT mice (n � 6 each) were treated i.p. with CCl4 twice weekly for 6 weeks.
(A) Tissue sections were stained with Sirius Red and fibrotic areas measured. (B) Liver hydroxyproline content was determined. (C) Frozen tissue sections were
stained for SA-�-Gal activity. (D) Serum ALT levels were measured at the indicated time points after a single dose of CCl4 by injection. Bars � 100 �m.

FIG 9 Tail vein delivery of CCN1 protein accelerates fibrosis resolution. (A) A schematic schedule of CCl4 i.p. injection into Ccn1dm/dm mice and CCN1 tail vein
delivery. Arrowheads indicate points at which CCN1 was injected at 40 �g/mouse. (B) Livers from mice injected with CCN1 or vehicle during the resolution
period were collected 2 days after the final injection and stained with Sirius Red; n � 7. Bar � 100 �m. (C) Hydroxyproline content was quantified in livers (n �
3; *, P � 0.02). Open bars, mice treated with vehicle or CCl4 for 4 weeks to induce fibrosis; gray bars, mice treated with CCl4 for 4 weeks, followed by 18 days of
fibrosis resolution with tail vein injection of CCN1 or vehicle. (D) Livers of mice after tail vein injection of CCN1 or vehicle were analyzed for expression of the
indicated genes by qRT-PCR. Data are presented as means 
 SD; n � 3.
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cellular functions (51). The accumulation of ROS in HSCs con-
tributes to their activation and fibrogenic response, and several
clinical trials are currently testing the efficacy of antioxidants in
reversing liver fibrogenesis (52). Both NOX1 and NOX2 expressed
in HSCs have been found to play key roles in liver fibrosis (44, 45),
and GKT137831, a NOX1/4 inhibitor, curbs the fibrogenic re-
sponse in HSCs and attenuates liver fibrosis in mice (53, 54). In-
terestingly, CCN1 specifically induces the NOX1 isoform and its
activator RAC1 in activated HSCs and mediates senescence
through this enzyme (Fig. 7). Thus, although NOX1-mediated
ROS generation is critical for both the fibrogenic activation of
HSCs and liver fibrosis, it is paradoxically also essential for fibrosis
regression through the entry of activated HSCs into senescence.
These findings suggest that targeting ROS generation in HSCs as
fibrosis therapy may be most effective while fibrogenesis is actively
ongoing but may impede fibrosis regression through myofibro-
blast senescence during resolution.

A broad range of antifibrosis therapies, including various
means of eliminating the causes of injury, reducing inflammation,
inhibiting HSC activation and fibrogenesis, and promoting HSC
apoptosis, are currently under development (55). The identifica-
tion of the CCN1-induced senescence pathway as an effective en-
dogenous mechanism of liver fibrosis resolution suggests a novel
therapeutic paradigm through activating the CCN1 senescence
pathway. Proof of concept for this approach is provided by the
finding that administration of CCN1 protein through tail vein
injection accelerates fibrotic regression in mice with established
fibrosis (Fig. 9). Explorations of approaches that drive hepatic
myofibroblasts into senescence, including the delivery of genetic
information or chemical regulators targeting HSCs (56) and PFs,
might prove informative in the development of novel therapeutic
strategies for the treatment of liver fibrosis.
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